We present an analysis of the Raman spectra of optimally doped Ba0.6K0.4Fe2As2 based on LDA band structure calculations and the subsequent estimation of effective Raman vertices. Experimentally a narrow, emergent mode appears in the B1g (d x 2 −y 2 ) Raman spectra only below Tc, well into the superconducting state and at an energy below twice the energy gap on the electron Fermi surface sheets. The Raman spectra can be reproduced quantitatively with estimates for the magnitude and momentum space structure of the s+− pairing gap on different Fermi surface sheets, as well as the identification of the emergent sharp feature as a Bardasis-Schrieffer exciton, formed as a Cooper pair bound state in a subdominant d x 2 −y 2 channel. The binding energy of the exciton relative to the gap edge shows that the coupling strength in this subdominant d x 2 −y 2 channel is as strong as 60% of that in the dominant s+− channel. This result suggests that d x 2 −y 2 may be the dominant pairing symmetry in Fe-based sperconductors which lack central hole bands.
I. INTRODUCTION
Iron-based superconductors (FeSC) possess magnetically ordered spin-density wave (SDW) or possibly Néel order in close proximity to superconductivity 1-3 . In general, the topology of the Fermi surface plays a crucial role in determining the type of order 4 . This sensitivity was demonstrated explicitly for single-layer FeSe 5 which may become superconducting already above 60 K possibly due to the interplay of intraband and interband Cooper pairing 6 . In the superconducting phase, the structure, size, and potentially symmetry of the gap function ∆ k is expected to react sensitively to small changes in external control parameters such as doping or pressure 7, 8 . Additionally, ∆ k reflects the dominant channel for Cooper pairing and allows insight into unconventional pairing mechanisms driven by band structure dependent electronic interactions. Finding a way to monitor changes of the pairing state may provide a possible pathway for a quantitative description of superconductivity in the FeSCs. However, one needs the proper experimental tools.
One of the hallmarks of superconductivity in Ba 0.6 K 0.4 Fe 2 As 2 is the observation of the neutron resonance 9 which favors the s +− state predicted by Mazin and coworkers 1 , but still leaves space for an s ++ state driven by orbital fluctuations 10 . In either case, the nesting between the central hole bands and the electron bands takes advantage of strong interactions at short distances corresponding to a large momentum transfer at (π, 0) (in the 1 Fe unit cell). Similarly, the electron bands themselves can gain from (π, π) scattering of nearly equal strength 2, 3, 11, 12 . Hence, two unconventional pairing states s +− and d x 2 −y 2 resulting from (π, 0) and (π, π) scattering, respectively, can be expected to compete and may be tuned by intentionally changing the band structure.
The close proximity of these pairing instabilities leaves spectroscopic fingerprints. In the single particle spectra one expects characteristic momentum dependence of the gaps on the Fermi surfaces of multi-band systems. If the gap changes sign between different sheets of the Fermi surface, the quasi-particle interference observed in tunneling spectra may demonstrate the influence from applied magnetic fields 13 . In a light scattering experiment new or emergent collective modes are expected in addition to the more familiar pair breaking peak at an energy twice the gap maximum 14 . Generally these collective modes can appear in the particle-hole channel or particle-particle channel (τ 2 or τ 3 channels in the language of Nambu) either separately or together.
A critical question is whether these modes can be visible in Raman scattering measurements. For example, narrow lines at lower energies originate from either residual excitonic interactions between the electrons of a broken pair [15] [16] [17] [18] or Josephson-like excitations [19] [20] [21] between different bands in multi-band systems. In addition, there may be modes associated with coupled amplitude fluctuations of the superconducting and density wave gaps when charge density wave (CDW) ordering occurs [22] [23] [24] [25] [26] [27] . A coupling between the superconducting and CDW channels allows a τ 2 collective amplitude mode to be visible arXiv:1409.6815v1 [cond-mat.str-el] 24 Sep 2014 in Raman scattering measurements.
In both NbSe 2 and the A15 compounds V 3 Si and Nb 3 Sn, resolution-limited lines below twice the gap edge have been observed 23, 28 , but the only evidence for amplitude modes was the approximate conservation of the integrated spectral weight of the in-gap mode and the phonon-like excitation either as a function of applied field 23 or temperature 24, [28] [29] [30] . There are no systematic studies on Leggett modes but the data in MgB 2 suggest that there is a mode in the right range of energy which originates from a weak coupling between the twodimensional (2D) σ band which possesses a large gap and the more 3D π band 20, 21 . First predicted by Bardasis and Schrieffer (BS) [15] [16] [17] , depending on the sign of the residual interaction, excitonic or electron pair bound states can be formed. These excitonic or electron pair modes may exist as sharp features below the gap in s−wave superconductors or in d−wave superconductors they may be damped considerably due to the existence of quasiparticles from the presence of gap nodes 31 . BS modes have been observed in superfluid 4 He 32 where they correspond to bound pairs of rotons 33 , and could be an alternative explanation for the in-gap modes in A15 compounds V 3 Si and Nb 3 Sn 17 . In both of these compounds, structural transitions from a high temperature-cubic to a lowtemperature-tetragonal lattice occur above the superconducting transition temperature 34 , but no evidence of a CDW appears at lower temperatures. Nevertheless a spectral weight transfer from the phonon into the collective modes appears below the superconducting transition temperature, similar to the case of NbSe 2 .
Recently, narrow in-gap modes were observed in Ba 0.6 K 0.4 Fe 2 As 2 and interpreted in terms of BS modes 35 . In this case, the intensity does not come from a phonon, some of which gain rather than lose spectral weight upon entering the superconducting state, but is drained from the pair-breaking peaks. This experimental observation is qualitatively different from what was found in previous studies 14 , but the effect was predicted specifically for the iron-based compounds with competing s− and d−wave pairing states 36 . Therefore, the earlier qualitative argumentation 35 needs to be augmented both experimentally and theoretically.
In this work we present experimental polarizationdependent Raman spectra for various temperatures between the low-temperature limit of approximately 8 K and 46 K. In addition, we performed weak coupling calculations for T = 0 on a realistic band structure taking into account interactions between the five bands close to the Fermi level. These theoretical results and observation of a BCS-like temperature dependence of an emergent mode at 140 cm −1 allow us to uniquely identify it as a d x 2 −y 2 BS exciton. From the energy position and the spectral weight of the exciton, we estimate the relative strength of the subdominant d x 2 −y 2 pairing channel to be more than half as strong as the dominant s +− channel. Our results suggest that the d x 2 −y 2 pairing channel may indeed become dominant when the s +− interaction is reduced, for example, by the absence of hole pockets at the center of the Brillouin zone.
II. EXPERIMENTAL STUDY OF THE TEMPERATURE DEPENDENCE
In Ba 0.6 K 0.4 Fe 2 As 2 , superconductivity-induced features were found in all symmetries experimentally accessible with light polarizations in the Fe planes 35 . Although the crystal unit cell involves 2 iron atoms per unit cell due to the staggered positioning of the arsenic above and below the Fe planes, it is convenient to instead make group theory reference in the 1 Fe unit cell where polarizations and selection rules can be framed in terms of polarizations along the Fe-Fe bond direction. In the B 1g spectra (1 Fe unit cell) the observation of very narrow modes at low temperature suggests the existence of collective excitations and their interpretation in terms of excitonic BS modes. However, the temperature dependence or the energy and emergence of this mode requires further study.
Before describing the quantitative theoretical analysis in the zero-temperature limit, we present an additional set of experiments in the range 0 < T ≤ 46 K, since we expect that the in-gap modes and the usual pair-breaking features depend differently on temperature in systems with intermediate to strong coupling. While the in-gap modes should by and large follow the temperature dependence of the single-particle gap 17 , interactions that give rise to Raman peaks in the normal state reduce the temperature dependence of the pair breaking features 37, 38 . The experiments were performed on a freshly cleaved surface of the same optimally hole-doped single crystal of Ba 0.6 K 0.4 Fe 2 As 2 which has been used in previous studies and possesses a superconducting transition at T c = 38.5 K 35 . We used an Ar ion laser emitting at 514 nm and a standard scanning spectrometer with the sample held in a cryogenically pumped vacuum. We measured spectra with linear polarizations of the incoming and outgoing photons oriented perpendicular and at 45
• with respect to the Fe-Fe direction (0 • w.r.t. the crystallographic axes) to project the B 1g and A 2g symmetries. No subtraction procedure was applied as the A 2g component was found to be weak. The B 1g spectra contain all relevant features.
The spectra measured at various temperatures between 8 K and 46 K are shown in Fig. 1 (a) . At low temperature one observes two prominent peaks at 140 and 170 cm −1 and a weak one at 70 cm −1 which were previously identified with collective modes 35 . The mode at 140 cm −1 has the smallest low-temperature width. Following the positions of the three peaks (dashed vertical lines in Fig. 1 (a) show the low-temperature limit) indicates distinct differences, with the mode at 140 cm weakly. The positions are determined following a background subtraction ( Fig. 1 (b) ). In the inset of Fig. 1 (a) , the positions of the two high-energy peaks relative to their low-temperature limiting values are shown along with the BCS prediction for the energy gap. Only the mode at 140 cm −1 is close to the mean-field expectation in striking similarity with the single-particle gaps 39 , and we conclude that the mode at 140 cm −1 is the only candidate for a BS exciton. With increasing temperature the width of the line increases due to quasiparticle damping making it indiscernible at sample temperatures above 28 K.
The additional experimental observation of the temperature dependence facilitates a clear distinction between the various spectral features and motivates us to explain the 70 and 170 cm −1 modes in terms of pairbreaking and identify only the line at 140 cm −1 with a BS exciton. This considerably simplifies the calculations. Nevertheless, it remains crucially important to work with a realistic band structure, since the vertex corrections result from interband terms 36 rather than from intraband anisotropies of the interaction potential V k,k as derived first by Bardasis and Schrieffer 15 and discussed in detail later in the context of light scattering 16, 17 .
III. MODEL DESCRIPTION
The model employed in this study is based on a realistic tight-binding bandstructure derived from DFT/LDA estimates 12 to provide a quantitative analysis of the Raman spectra for optimally hole doped Ba 0.6 K 0.4 Fe 2 As 2 in the superconducting state. Since the experiments show evidence of a bound state inside the gap in addition to the superconducting pair-breaking features, vertex corrections must be considered. Physically the vertex corrections describe the final-state interaction between the two electrons of a Cooper pair which have been broken by a photon such that the model accounts for both the pair-breaking effect and the final-state interaction on a realistic 3D multi-band tight-binding bandstructure.
The band structure is generated from a tight-binding approximation to the five Fe d-orbitals developed by Graser et al. 12 for undoped BaFe 2 As 2 , with the Fermi energy shifted down by 144 meV with respect to the original bandstructure to account for the substitution of 40% Ba by K which adds 0.2 holes per Fe atom and reduces the filling to 5.8. Transforming the system from an orbital basis to a band basis gives five bands of which four cross the Fermi level including the two hole bands in the Brillouin zone (BZ) center, one hole band at the M -point, and an electron band encircling the X-point. The presence of the 2 Fe unit cell requires a backfolding of the 1 Fe BZ, achieved by adding another five bands, shifted by k = (π, π, π), to the existing ones. This vector accounts for the additional translational symmetry of the 2 Fe BZ. Five of the resulting ten bands cross the Fermi level: three hole bands in the BZ center (h1, h2, and h3 from the inside out) and two electron bands around the X-point (e1 and e2 from the outside in). The Fermi surfaces of the hole bands intersect each other on lines as do the electron bands. Since the intersecting bands derive from the same orbitals the degeneracies are lifted 40 by any small residual interaction: we used 25 meV for all bands and show later that the hybridization energy influences the Raman spectra only weakly.
For calculating the Raman response the momentum dependent vertices are needed 14, 41 . This is tractable only in the effective-mass approximation, as justified here 40 , since the incident photons are lower than resonance energies. The related vertices γ µ n for symmetry µ (A 1g , B 1g , B 2g ) are derived numerically from the dispersion E n (k) of band n, given by
and shown in Fig. 2 35, 42, 43 and because in the 2 Fe BZ cell the role of the B 1g and B 2g projections would be interchanged in a counterintuitive way such that the d x 2 −y 2 type of interaction between the electron bands would appear in the B 2g channel. In fact, the 1 Fe BZ captures most of the features and simplifies the argumentation considerably while for the 2 Fe BZ improvements are found only on a quantitative level while the results are qualitatively similar.
Figures 2 (b) and (c) show directly that the strongest contributions for the B 1g and B 2g spectra come from the outer electron band. For a more quantitative statement, the contribution from superconductivity to the Raman response χ (q = 0, Ω) = Imχ(q = 0, Ω) is evaluated by an intraband bare bubble approximation,
where the λ n (k, Ω) is given by the Tsuneto function 44 , where Ω is the Raman shift. Neglecting band structure effects the expression for the response at T = 0 can be transformed into where . . . denotes an average over Fermi surface sheet n. The only relevant physical parameters which are varied to achieve the best agreement with the data are kdependent gap structures ∆ n (k) for each Fermi surface.
In addition, the relative intensities of the spectra are scaled by 0.3, 0.6, and 1 for A 1g , B 1g , and B 2g , respectively. For the A 1g spectra screening is included 45 , but the effects are found to be very small since the gaps on the electron and hole bands are quite symmetric (except for the outer hole band), and the concomitant sign change of the Raman vertex nearly cancels all the screening contributions 36, 46 . In addition to the response at lowest order, corrections from the final state interaction between the two single electrons created by Cooper pair breaking by photons have to be considered 16, 17 . The dynamics of bound states becomes important whenever there are anisotropies in the pairing potential 15 corresponding to interactions beyond ground state Cooper pairing. Since this competition is important in the FeSCs because of bands at highsymmetry points, we evaluated higher orders of perturbation theory (vertex corrections).
Here, contributions originating from a d-wave attractive coupling between the outer electron bands will be included that lead to a collective excitonic mode in B 1g symmetry 36 . The additional coupling g(k) contributes to the anisotropy of V k,k and is assumed to be relevant only between the outer electron bands (e1 in Table I ). The influence on the response from e2 has been found to be negligible. We further assume that V k,k is separable and varies as g(k)λ d g(k ) with g(k) proportional to γ B1g (k) and normalized in a way that λ d measures the strength of the d-wave interaction. g(k) causes multiple scattering processes and leads to an additive term in the response of the outer electron bands as discussed in detail in Ref. 36 where 
IV. RESULTS AND DISCUSSION
The model has been applied to the experimental data with the fitted results shown in Fig. 3 compared to In this way temperature independent phonon lines and the particle-hole continuum are subtracted out not being described by the weak-coupling theory. As a side effect, the experimental intensities become negative inside the gap while the theoretical spectra just vanish. The inset between panels (a) and (b) shows a cartoon of the bands in the 1 Fe zone for facilitating the identification of the response from each band via the color. The sum of the contributions is shown in black. (c) The grey shaded area is the spectral weight transferred from the pair-breaking region into the collective mode.
The continuum at energies above twice the gap maximum consists only of superconductivity-induced changes thus simplifying the comparison with weak-coupling results. In the gap region the difference spectra become negative, but the theoretical predictions yield vanishing intensity with negligible conceptual complications.
All three symmetries show depletion of spectral weight in the low energy region and an enhancement for energies larger than about 160 cm −1 . This behavior clearly indicates the existence of a superconducting gap. Another common feature is a small enhancement at about 70 cm −1 , however, the sharp peak at 140 cm −1 in the B 1g channel, which is almost resolution limited, does not have a correspondence in the other symmetries and can be identified as a d-wave collective mode. The following quantitative analysis is designed to support this interpretation and to reveal properties of both the superconducting gaps and the collective mode.
An ideal starting point for analysis is the B 2g spectrum which is free of collective modes and screening effects. Eq. (5) can be applied separately for each band with additive results. One finds that only the contributions from the outer electron band (e1, purple in Fig. 3 ) and the middle hole band (h2, orange) are large enough to contribute significantly to the response above 160 cm −1 , with the contribution from the outer electron band approximately twice as large as that of the middle hole band. This difference can be anticipated just by looking at the B 2g Raman vertices of Fig. 2 with a high intensity on the outer electron band, a smaller intensity for the middle hole band and vanishingly small intensities from the other bands. To fully reproduce the increase of the spectrum between 160 cm −1 and the maximum at 210 cm
it is necessary to (i) adjust the minimum and maximum gap values on band e1 and (ii) align the gap minimum with the minimum of the Raman vertex. This alignment allows one to reproduce the experimental slope without a spectral discontinuity. For band e1, one assumes that the gap has four-fold symmetry, with the maxima aligned along the k x and k y directions, and with no k z dispersion for the fit. The remaining shoulder on the high-energy side of the peak can be reproduced with a k z dispersive gap on the middle hole band having the maximum and the minimum at k z = 0 and k z = ±π, respectively. The gap maxima and minima and the functional variations along k z and in the basal plane are given in Table I . The black line in Fig. 3 (b) is the sum of all contributions. For the A 1g spectrum the inner hole band (h1, dark cyan) and the inner electron band (e2, brown) become important (Fig. 1a) . However, neither band can be expected to produce a feature at 70 cm −1 because the contributions from h1 and e2 would be too large in A 1g symmetry, but too small in the B 1g spectrum. Hence, the outer hole band (h3, pink), for which the nesting condition is worse than for the other bands, is used to reproduce the feature at 70 cm −1 . The two remaining bands h2 and e1 are used to reproduce the shape in the 190 cm −1 range being approximately 20 cm −1 below the maximum in B 2g symmetry. All gap magnitudes used for describing the experimental spectra (Fig. 3) are compiled in Table I and shown in false-color representation in Fig. 4 in the 1 Fe reference frame. The gap is as large as ∆ h2 = 15.9 meV on the middle hole band (h2) at k z = 0. The minimal gap is found on the outer hole band (h3).
The gaps on the electron bands vary only in the k x -k y plane. 49 . The bands h1-e2 are color coded in Fig. 3 as follows: h1 (inner hole band) dark cyan, h2 (middle hole band) orange, h3 (outer hole band) pink, e1 (outer electron band) purple, e2 (inner electron band) brown. Bands h1 and h2 cannot be distinguished in the ARPES experiment and have therefore the same entry. In the analysis of the Raman data the gaps on the hole and the electron bands depend on kz (−π < kz < π) and, respectively, on the azimuthal angle ϕ as defined in Fig. 4 (0 < ϕ < 2π).∆n and ηn represent the average and the modulation amplitude of the gap on the Fermi surface of band n, respectively. As opposed to the A 1g and the B 2g spectra, the B 1g spectrum cannot be reproduced with the choice of gaps summarized in Table I and Fig. 4 . According to the Raman vertices only the outer electron band e1 contributes significantly while the intensity should be comparable both in B 2g and B 1g symmetries. To resolve this discrepancy the effect of an excitonic collective mode is introduced.
The subdominant coupling g shifts spectral weight from the pair breaking peak into the sharp collective mode. A momentum dependent g(k) must be utilized which reduces the response only at the gap maximum (rather than the minimum) while leading to the excitonic peak at 140 cm −1 . The best choice is a d-wave form for g(k) which is small along diagonal directions to maximize the coupling between the gap maxima of the outer electron bands and, in addition, is proportional to the B 1g vertex (Eq. 2). The latter specialization is necessary since the linear B 1g vertex in Eq. (6) has several sign changes [see Fig. 2 (c) ] and would nearly cancel the weight of the collective mode for a weakly k-dependent g. The reason for this artifact originates in the fine structure of the B 1g vertex which enters to lowest order quadratically, but linearly in the vertex. The choice of g(k) ∝ γ B1g (k) is physically justified and ensures that the spectral weights of both the bare bubble and the vertex correction come from the same parts of the Fermi surface. This argument is particularly relevant for comparing the two coupling channels.
In fact, the transfer of spectral weight encodes the relative strength between the s and d channels. In addition to the weight transfer, the position of the collective mode depends on (λ d /λ s ) 2 as derived for an isotropic gap by Monien and Zawadowski 17 . With the maximal gap 2∆ max of 210 cm −1 on the e1 band and the collective mode at 140 cm −1 , the binding energy is as large as one third of 2∆ max yielding λ d ≈ 0.6λ s . A similar ratio was used in the model calculations of Ref. 36 . The related transfer of approximately one half of the spectral weight from the pair-breaking maximum into the bound state [ Fig. 3 ] is consistent with the energy shift. This rather high fraction highlights that the subdominant dwave channel lies in close proximity to the s-wave channel such that if the s-wave channel weakens, for instance as a result of a change of the Fermi surface, a new dominant symmetry emerges and a BS mode would flip identity as a subdominant s−wave bound state exciton. We speculate, that this could be realized in FeSe [13] and alkalidoped selenides such as Rb 0.8 Fe 1.6 Se 2 although the pairing symmetry in these systems is still a matter of intense discussion.
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V. CONCLUSIONS
We studied the temperature dependence of the B 1g Raman spectra in Ba 0.6 K 0.4 Fe 2 As 2 and proposed a realistic model calculation for the superconducting response at low temperatures that reproduces the spectra almost quantitatively. The temperature dependence observed for the prominent peaks and the theoretical analysis demonstrate that only the B 1g mode at 140 cm −1 has all features expected for a BS mode in the presence of competing pairing symmetries: it lies below twice the gap edge, has an almost resolution limited width, drains energy from the pair-breaking peaks, and has a temperature dependence which is dominated by that of the singleparticle gap. The coupling parameter in the subdominant d x 2 −y 2 channel reaches 60% of the prevailing s pairing state making d x 2 −y 2 pairing a candidate for materials without central hole bands.
The d x 2 −y 2 channel competes with the s ground state (independent of whether it is s +− or s ++ ) since the gaps on electron bands have the same sign whereas the d x 2 −y 2 channel would lead to a phase difference of π between neighboring electron bands. Although the d channel is already quite strong in Ba 0.6 K 0.4 Fe 2 As 2 the gaps on the various Fermi surfaces are not very anisotropic yet. For this reason T c is relatively high, and the density of states between the large and the small gaps is sufficiently small on the relevant bands thus keeping the damping of the excitonic mode small. If the ratio of the coupling strengths comes closer to one the frustration between the s and d channels increases, the gaps become more anisotropic, The simplest elementary cell has just one Fe atom per quadratic unit cell. This choice is motivated by the lowenergy band structure of the FeSCs being derived only from Fe 3d orbitals. The resulting five bands reproduce the Fermi surfaces qualitatively but the magnetism cannot be treated appropriately. From the view point of light scattering the 1 Fe cell proves sufficient for a qualitative understanding of the selection rules 42 . However, the backfolding due to the inclusion of the As atoms and the entire zone of BaFe 2 As 2 , having a body centered tetragonal unit cell, changes the band structure considerably and influences also the selection rules 40 . In addition, the backfolding changes the spectral weight on the bands 54 further complicating the evaluation of one-and two-particle response functions. In our study we found good agreement upon using the band structure of the 2 Fe unit cell. In addition to these calculations we redid some of the calculations in the 1 Fe cell. In Fig. A1 we show the results for A 1g symmetry. While the overall shape is conserved there are minor but significant differences around the gap maximum. Therefore, if numerical studies are performed the 2 Fe cell is preferable although the symmetry assignment is better done in the 1 Fe cell since otherwise the generic meaning of the respective symmetries gets compromised. For instance, the x 2 − y 2 symmetry being projected in the B 1g spectra is the proper symmetry for both nematic fluctuations and the subdominant d pairing channel discussed here. In the 2 Fe cell one would have to switch to the B 2g or xy channel which appears awkward.
The backfolding makes the electron bands overlap. Since the electrons belong to the same orbitals the bands hybridize at the intersection points. As was shown by Mazin and coworkers 40 and by Eiter et al. 55 the cross section may be enhanced substantially at the hybridization point for the resulting increased band curvature and the spectra may change accordingly. Therefore, we also studied the effect of hybridization by calculating the B 1g Raman spectra for various hybridization energies δ and plot the results in Fig. A2. B 1g is the most important symmetry in this context since the electron bands are the battle ground of the s +− and d x 2 −y 2 pairing channels. Although the Fermi surface shape clearly changes the spectra show only minor differences since the integrated spectral weight around the hybridization lines is almost independent of δ as opposed to the results for Ba(Fe 1−x Co x ) 2 As 2 40 . We conclude that the influence of the hybridization does not complicate our argumentation. Rather the results are robust and show only small quantitative differences for the 1 Fe and 2 Fe basis.
